Abstract The plasma parameters in ICP-CVD system with internal low inductance antennas (LIA) were diagnosed by Langmuir probe. The ions density (Ni) reached 10 11 -10 12 cm −3 , and the electron temperature (Te) was below ca. 2 eV, which was slightly decreased with applied power. A p-type hydrogenated microcrystalline silicon (µc-Si:H) film was prepared on glass substrate. After optimization of the processing parameters in flow ratio of SiH4:B2H6:H2, a high quality µc-Si:H film with deposition rate above 1.0 nm/s was achieved in this work.
Introduction
Hydrogenated microcrystalline silicon (µc-Si:H) thin films are generally expected to be promising materials for applications in photovoltaic cell because their spectral response is at long wavelengths with a high stability against light exposure [1, 2] . As is well known, the optical band gap of µc-Si:H is indirect, so the absorber thickness of microcrystalline cells is required in the range of 1-2 µm to ensure a sufficient absorption of sunlight. To reduce production costs, therefore, a high deposition rate of intrinsic µc-Si:H is in urgent need [3, 4] . Many methods have been proposed for the preparation of µc-Si:H, e.g., reactive sputtering, electron cyclotron resonance plasma enhanced chemical vapor deposition (ECR-CVD), hot-wire CVD (HW-CVD), plasma-enhanced CVD (PE-CVD) and inductive coupled plasma chemical vapor deposition (ICP-CVD) system [1] . However, in these traditional methods, especially inductive-coupled plasmas (ICP), there are many problems like low deposition rate (<1 nm/s) or poor quality.
In this paper, an ICP-CVD system mounted with internal low inductance antennas was used to deposit p-type hydrogenated microcrystalline silicon films. We diagnosed parameters in this plasma by a single Langmuir probe at various conditions like different working pressures and applied powers. P-type Si:H films were prepared on glass, and the influences of processing parameters on the deposition rate, crystallinity and resistivity were investigated in detail.
Experiments
The experiments were performed in an inductively coupled plasma (ICP) enhanced chemical vapor deposition (ICP-CVD) system with four units of internal low inductance antenna (LIA). A similar system was described in Ref. [5] . In this system, the U-shaped antenna was designed to decrease the route inductance. The LIA antenna is covered with an insulator so as to suppress arc discharge when high power RF is applied [6] . There are three consecutive chambers for the thin film preparation, where the deposition chamber is kept at a high vacuum of 10 −6 Torr. After optimizing the positions of the four LIA units and the gas inlet in the chamber, a significantly uniform deposition of thin film on a large area (over 30 cm × 30 cm) substrate was achieved. The substrate horizontally mounted on a holder was transferred into the deposition chamber, in which plasma was generated by a radio frequency (RF 13.56 MHz) power supply. During deposition, the substrate temperature was set at 200 o C. For the characterization of plasma, a Langmuir probe (HIDEN, ES-PION) was mounted in the system. The thickness and cross-section microstructure of the film were acquired from a field emission scanning electron microscope (FESEM, JEOL JSM-6700F). The crystallinity of the film was measured through X-ray diffraction (XRD, PANalytical-X' Pert PRO MPD), which employs a monochromatic high intensity Cu-Kα radiation (λ=0.1541 nm) as the radiation source.
The crystal rate of the film was evaluated from Raman microscopy (System 1000 Renishaw). The excitation wavelength of HeNe laser was set at 632.8 nm (25 mW).
The four probe (NAPSON model RT-70) was used to measure the conductivity of the Si:H films.
3 Results and discussion 11 -10 12 cm −3 and is increased with the applied power and working pressure. However, as for T e , it did not vary considerably and was low (∼2 eV). As is known in Si-based solar cell fabrication, a small value of T e is expected and the N i is of high concentration. The reason is that T e is proportional to bombardment energy, which directly causes defects in the Si:H films, where ion density is directly related to the deposition rate [7, 8] . Unlike any conventional systems, the high-density plasma generated in this system will not cause extra damage to the film.
The plasma parameters
For evaluation of the plasma damage during the process, plasma potential and floating potential were measured in the plasma. The plasma potential was in the range as low as 12-14 V and the floating potential as low as 4-5 V, indicating an effective ion bombardment energy during film growth. This feature of low-voltage potential formation is considered to be of great significance for CVD processes to achieve high-quality film deposition such as polycrystalline silicon films, where suppression of plasma damage is of significant importance not only for the enhancement of crystallization of the films but also for effective suppression of damage created in the films.
Effect of applied power on p-type
Si:H film growth Fig. 2 is the results of deposition rate versus applied power when the working pressure was kept at 10 mTorr, and the flow rates of SiH 4 , B 2 H 2 and H 2 were set at 30 sccm, 90 sccm and 15 sccm, respectively. The deposition rate as the figure shows increases almost linearly with the applied power, and stays above 1 nm/s. We suggest an explanation that a higher power shall cause higher effective bombardment frequency between the species, which increase the dissociation of SiH 4 , B 2 H 2 and H 2 molecules through their electronic excited states by inelastic collisions with high-energy electrons in the plasma. Then many reactive species are produced in the plasma, especially SiH 3 radical, which is beneficial to the deposition rate increment [9] .
Fig.2 The deposition rate versus applied powers
Then, we analyze the rapid growth film structures. Fig. 3(a) shows the Raman spectroscopy from which we find that the structure of the films is significantly dependent on the applied power. The peak at 480 cm −1 corresponding to amorphous Si was shifted to 520 cm −1 , the crystal Si intrinsic peak, when the power was increased from 1.5 kW to 3 kW. The maximum value of the crystal volume fraction (X c ) calculated after deconvoluting peaks in Raman spectra by Gaussian fitting amounted to 47.8% when the applied power was 3 kW. Based on the mechanism of microcrystalline silicon growth, we think that the crystallinity of µc-Si increases with the applied power is because in the high density plasma there are sufficient fluxes of atomic hydrogen and precursors in the hydrogenized diluted silane plasma to react through surface absorption, diffusion and mobility [6] .
With XRD we further explore the crystallinity of µc-Si. Fig. 3(b) shows XRD patterns of the samples deposited at different applied powers. The XRD data are consistent with the result obtained from Raman spectra in Fig. 3(a) , with the increase of applied power, the peaks corresponding to Si crystal facets of (111), (220), (311) become more and more obvious. We assume that a higher plasma density and a lower ion energy play critical roles in the formation of crystal Si when the applied power rises [1] . We also measured the conductivity of the µc-Si sample through a 4-point probe. The conductivity was 0.11 Ω·cm when the applied power was 3 kW. When the applied power was 2.5 kW, the conductivity was 0.066 Ω·cm. The conductivity was very small when the power was under 2 kW. SEM image explains the high conductivity of µc-Si deposited at 3 kW. Fig. 4 is the cross-section image of p-type Si:H film. We notice that the Si:H film was grown in uniform columnar crystal. Fig.4 The cross-section image of p-type Si:H film deposited at 3000 W From the Raman spectrum and XRD of the film, we know that the crystal result is improved. However, a large amount of amorphous component and holes appears when there is an insufficient amount of atomic hydrogen to remove Si atom effectively and combine dangling bonds with lower power input. This growth model of columnar structure shall decrease the mobility rate of electrons and holes, and increase the defect population [10, 12] .
Effect of working pressures on ptype Si:H film growth
The influence of working pressure on the properties of the film was studied at parameters of SiH 4 30 sccm, B 2 H 6 90 sccm , and H 2 15 sccm when the applied power was fixed at 3000 W. Fig. 5 shows that at low pressure the film growth rate is small. When the pressure is over 12 mTorr, the growth rate jumps to a high value, but saturates at much higher pressure. We assume that the structure of Si film growth depends on the working pressure. We know that three models have been proposed to explain the formation process of µc-Si:H, i.e. (1) surface diffusion model [13] , (2) etching model [14] , and (3) chemical annealing model [15] . When the pressure is lower than 12 mTorr, the reaction of particles in the plasma would be completed. As a consequence, SiH 3 absorbed on the surface will find energetically favorable sites, leading to the formation of atomically ordered structure; atomic H reaching the film-growing surface breaks Si-Si bonds involved in the amorphous network structure, and then this site is replaced with a new film precursor, SiH 3 , which forms a rigid and strong Si-Si bond; the crystallization of the amorphous network takes place through the formation of a flexible network, when there is a sufficient amount of atomic hydrogen in the subsurface region [11] . If the pressure is over 12 mTorr, from Fig. 1(b) , T e drops to a low one whereas the plasma density increases with the pressure, which means that an amount of SiH 3 radicals reaching the film-growing surface start to diffuse on the surface and form a large amount of amorphous structure while there is not enough energy for positive etching, especially H atmoic etching.
As known in the "etching model" of µc-Si film growth, the crystallinity of Si:H films depends on the electron temperature. From Fig. 1(b) we obtain that in this plasma system the electron energy is decreased when the working pressure is increased. This means that electron impingement does not completely break down the weak bonds of Si-Si involved in the amorphous network structure when the working pressure is higher, though the deposition rate is improved [6] . It is evident by the more significant peak near 480 cm −1 as the pressure is increased, as shown in Fig. 6 . The influence of working pressure on the properties of as-deposited µc-Si film is shown in Fig. 7 . From  Fig. 7 , we notice that the variation of conductivity with working pressure is similar to the variation of X c . We assume that it is due to the deterioration of crystallinity by contaminations at high working pressure. There are more dangling bonds for electron recombination, leading to the decay of conductivity. Based on the formation process of µc-Si:H films, the compact crystal structure is of great significance for the quality of films. 
Summary
In this paper, the novel plasma source of ICP with four internal LIA units was diagnosed by Langmuir probe. We find that in this plasma system the plasma density is high whereas the electron temperature is low. As an application, p-type Si:H films were deposited using this plasma source. We obtained a high deposition rate and a good quality of µc-Si film in this plasma source. It is noticed that the growth rate and the crystallinity depend on the applied power and working pressure. We believe that the ICP-CVD system with four internal LIA units is expected to acquire more and more extensive applications.
